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UNINTENTIONAL INJURIES are the leading cause of mortality in individuals under 50 yr of age in the United States, with staggering medical expenses attributable to traumatic injury (10a, 43) . Obese patients with severe orthopedic trauma are at a higher risk than lean patients for increased inflammation, multiorgan failure, prolonged hospital stay, and increased mortality (5, 8, 10, 12) . Although the mechanisms responsible for the increased posttrauma complications in obese patients are unclear, intensive and specific treatments have been emphasized for these patients.
Posttrauma hyperglycemia has been recognized as a risk factor that exacerbates complications, organ dysfunction, and mortality (29, 41, 44) . Several clinical studies have suggested that, in critically ill obese patients, impaired glucose homeostasis appears to be a better predictor of increased complications and mortality than body mass index (38, 41, 45) . In addition, there is evidence that the early hyperglycemia within the first day after trauma is a more reliable predictor of poor outcomes and mortality compared with later increases in plasma glucose (7, 16) . A study (45) monitoring glucose levels for 4 days after trauma showed that nonsurvivors only exhibited a significant increase in glucose (Ͼ150 mg/dl) within the first half day after trauma, with peak levels observed at admission. Together, these findings suggest that early (stress-induced) hyperglycemia plays an important role in contributing to the adverse outcomes after trauma. Therefore, the present study focused on glucose responses within 6 h after severe trauma in lean Zucker (LZ) and obese Zucker (OZ) rats and examined systemic inflammation and lung complications on the following day.
Glucose control with insulin is widely used in clinical practice after trauma. However, a number of studies have reported that insulin treatment also increases the incidence of hypoglycemic episodes, which can adversely affect outcomes after trauma (13, 30) . Moreover, treatment of early hyperglycemia can be more challenging in obese patients, as the dosages of insulin and responses of glucose after insulin administration are difficult to predict and control due to insulin resistance. The present study was designed to answer an important question: is it possible to successfully control the early increase in glucose with minimal risk of hypoglycemia, especially in obese subjects? We tested a novel method for early glucose control in the context of obesity via the suppression of hepatic glycogenolysis, a major pathway for stress-induced hyperglycemia (31) . Stress-induced hepatic glycogenolysis is partially mediated by ␤ 2 -adrenoreceptor activation in the liver (3). In addition, pancreatic ␤ 2 -adrenoreceptor activation can increase glucagon release and thus further increase hepatic glycogenolysis. Therefore, we tested the effect of a ␤ 2 -adrenoreceptor antagonist [ICI-118551 (ICI)] on early glucose levels after severe trauma in an animal model of obesity.
OZ rats have been widely used as a model of obesity. Similar to obese subjects, OZ rats exhibit central obesity, insulin resistance, hyperlipidemia, and cardiovascular dysfunction (9, 46) . We have previously shown that, compared with LZ rats, OZ exhibit exacerbated systemic inflammation and acute lung injury (ALI) after severe trauma (48) . Given that early posttrauma hyperglycemia is a predictor of adverse outcomes (7, 16, 45) , we hypothesized that OZ rats exhibit a greater increase in early posttrauma glucose compared with LZ rats, with the increased posttrauma hyperglycemia suppressed by ICI treatment.
METHODS

Animals
Male LZ and OZ rats (ϳ12 wk) were purchased from Harlan Laboratories (Indianapolis, IN). The experimental protocols for this study were approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center and were carried out according to both the National Institutes of Health Guide for the Care and Use of Laboratory Animals and guidelines of the Animal Welfare Act.
Severe Orthopedic Trauma Protocols
Severe trauma was applied to both hindlimbs in LZ and OZ rats under anesthesia (5% isoflurane inhalation), as previously described (36a, 48) . In brief, soft tissue injury was induced by crushing the muscle groups adjacent to both the femur and fibula followed by the injection of bone components (1.5 ml/leg) near the femur. During the insertion of the needle, the fibula was fractured in each leg. The femur and tibia bones used to make the bone component suspension to inject into LZ and OZ rats were harvested from previously euthanized LZ and OZ rats, respectively. Directly before the trauma, rats were given a subcutaneous injection of buprenorphine (0.01 mg/kg) to minimize discomfort, and every 8 -12 h after trauma, rats were given an additional dosage (0.05 mg/kg).
Clinical classification defines "severe trauma" as being an injury severity score of Ͼ16. Evaluating our model using the clinical classification (44a), the estimated total injury severity score for the bilateral injury was Ͼ18 (48). Our aim was to mimic severe trauma from a large long bone (femur) fracture, in which soft tissue injury and the release of bone components are present at the same time. We induced fibula fracture to simulate the stress of long bone fracture, but unlike a femur fracture, this manipulation does not necessitate fixation surgery that could exacerbate outcomes (37, 39) . Because the fibula is very small, we injected additional bone components to the injured area as described in previous studies (35, 36a, 48) . These manipulations cannot completely mimic the exact circumstance of a trauma involving a long bone fracture in humans, as this is virtually impossible due to the highly heterogeneous nature of traumatic injury. Instead, this trauma protocol focused more on mimicking posttrauma outcomes rather than the exact injury components.
Experimental protocol 1: measurements within 6 h after severe trauma. PROTOCOL 1.1: HYPERGLYCEMIC AND HEMODYNAMIC RE-SPONSES TO SEVERE TRAUMA. Catheters were implanted in the carotid artery and jugular vein in LZ and OZ rats, as previously described (47) . Animals were equilibrated and fasted for 5-6 h before the start of experiments. All measurements were performed in conscious rats with free access to only water. Blood pressure and heart rate were recorded via carotid catheters using a PowerLab system (model ML 118). Glucose levels were measured with a glucometer using blood sampled from tail tips pretreated with Sensorcaine (On Call Plus, ACON Laboratories). Blood pressure, heart rate, and glucose levels were recorded before (B0) and 20 min after (B1) the start of the infusion of ICI (0.2 mg·kg Ϫ1 ·h Ϫ1 iv), a ␤2-adrenoreceptor antagonist, or vehicle (0.9% saline) via the jugular catheter. After a 20-min infusion, severe trauma was induced, and blood pressure, heart rate, and glucose levels were then measured at 10, 15, 30, 60, 120, 180, 240, 300, and 360 min after the initiation of the trauma. Trauma was performed as described above, and animals were recovered from isoflurane anesthesia within 5 min. LZ and OZ rats received a total volume of ϳ200 l/100 g body wt throughout the 6 h of the intravenous infusion. In an additional set of experiments, LZ and OZ rats were fasted for 5-6 h, and half of the animals were then treated with severe trauma. Tail vein blood (Ͻ500 l) was collected before and 1 h after trauma to measure cortisol levels by radioimmunoassay. Six hours after trauma, control and traumatized animals were decapitated, and blood samples were collected to measure insulin and glucagon by ELISA (R&D Systems, Minneapolis, MN). The medial lobe of the liver was collected to measure glycogen levels using a glycogen assay kit (AB65620, Abcam, Cambridge, MA). To confirm the inhibitory effect of ICI on hepatic glycogenolysis, liver glycogen contents were measured 6 h after trauma in an additional group of ICI-treated LZ and OZ rats.
Experimental protocol 2: measurements 1 day after severe trauma. After the 6-h measurements, animals from protocols 1.1 and 1.2 were returned to the animal room (at 22°C, 12:12-h light-dark cycle) with food and water ad libitum. One day after trauma, rats were decapitated, and blood was collected to measure IL-6 levels by ELISA (R&D Systems). Circulating IL-6 levels have been previously demonstrated to be an early indicator of systemic inflammation after trauma (19, 20) and are exacerbated in obese patients (21) . Lung lobes were collected to measure lung edema, neutrophil counts, and myeloperoxidase (MPO) activity as we have previously described (48) . We collected lung lobes from decapitated rats to minimize the blood volume trapped in the lung circulation.
In brief, the lower left lung lobe was isolated and stored at room temperature for 3-4 wk until a stable weight was achieved. The wet-to-dry weight ratio was used as an index of pulmonary edema. The other lung lobes were fixed in formalin or liquid nitrogen immediately after isolation. After 1 day in formalin, tissues were transferred to 70% alcohol for histological analysis of neutrophil numbers using a Vectastain ABC Kit (Vector Laboratories, Marion, IA). HistoMark Black (KPL 54-75-00) was used to visualize positive staining, with eosin as a counterstain. An antibody specific for neutrophil elastase (Anti-Neutrophil Elastase antibody, ab21595, Abcam, 1:200) was used to identify neutrophils. Neutrophil quantification was calculated as the number of positive cells per ϫ40 highmagnification field. Six random scans per section were analyzed and averaged. Liquid nitrogen-fixed tissues were stored at Ϫ80°C for later measurements of MPO activity. Lung tissue was homogenized, and the activity of MPO was determined using an Invitrogen EnzChek Assay Kit (Life Technologies, Grand Island, NY). Enzyme activity was normalized by protein concentration.
Quantitative and Statistical Analyses
Data were compared using two-way ANOVA or repeated-measures ANOVA. Where significant effects occurred, individual groups were compared using the Holm-Sidak method. All data are presented as means Ϯ SE. P values of Ͻ0.05 were accepted as statistically significant for all comparisons.
RESULTS
Measurements Within 6 h After Severe Trauma in LZ and OZ Rats
Posttrauma glucose and liver glycogen levels in LZ and OZ rats. Basal glucose levels were not significantly different between LZ and OZ rats (Fig. 1A) . ICI or saline infusion did not affect basal glucose levels in LZ or OZ rats. In Fig. 1A, B0 and B1 are the basal levels before and 20 min after ICI/saline infusion, respectively. Severe trauma immediately increased glucose levels in LZ and OZ rats, with OZ rats exhibiting significantly higher hyperglycemia compared with LZ rats. Glucose levels in LZ rats returned to baseline 240 min after trauma, whereas OZ rats remained hyperglycemic during the 6 h of measurements. ICI treatment completely blocked the initial increase in glucose levels in both LZ and OZ rats. Compared with B1, posttrauma glucose was only increased from 180 to 300 min in ICI-treated LZ rats. In ICI-treated OZ rats, glucose did not increase until 30 min after trauma. A significant suppression in glucose levels was observed from 10 to 30 min in ICI-treated LZ rats and from 10 to 240 min in ICI-treated OZ rats compared with their respective groups that had trauma but received no treatment.
Hepatic glycogen concentrations were similar between control LZ and OZ rats (Fig. 1B) . At 6 h after trauma, hepatic glycogen levels decreased similarly in LZ and OZ rats but were not significantly changed in ICI-treated rats compared with control levels.
Posttrauma blood pressure and heart rate in LZ and OZ rats. Basal mean blood pressure and heart rate were similar between LZ and OZ rats before (B0) or after 20 min of ICI or saline infusion (B1; Fig. 2, A and B) . ICI treatment had no effect on basal blood pressure and heart rate in LZ or OZ rats. Heart rate was increased immediately after trauma in both LZ and OZ rats, with LZ rats exhibiting higher heart rates within the first 15 min compared with OZ rats. Blood pressure was not significantly changed after trauma in LZ or OZ rats. ICI treatment had no effect on posttrauma blood pressure and heart rate in LZ or OZ rats.
Plasma cortisol, insulin, and glucagon levels in LZ and OZ rats. Basal cortisol levels were not different between LZ and OZ rats (Fig. 3A) . One hour after trauma, cortisol levels were similarly increased in LZ and OZ rats. Insulin levels were significantly higher in OZ rats compared with LZ rats, whereas insulin levels 6 h after trauma were similar to baseline levels in LZ and OZ rats (Fig. 3B) . OZ rats exhibited higher basal plasma glucagon levels compared with LZ rats, whereas 6 h after trauma, plasma glucagon levels decreased in OZ rats but remained unchanged in LZ rats (Fig. 3C) .
Measurements 1 Day After Severe Trauma in LZ and OZ Rats
Plasma IL-6 levels in LZ and OZ rats with or without ICI treatment. IL-6 levels were increased in all animal groups 1 day after severe trauma, with OZ rats exhibiting much greater increases in IL-6 compared with LZ rats (Fig. 4A) . ICI treatment had no significant effect on plasma IL-6 levels in LZ and OZ rats.
Lung wet-to-dry weight ratio in LZ and OZ rats with or without ICI treatment. The basal wet-to-dry weight ratio was similar between nontrauma LZ and OZ rats (Fig. 4B) . One day after trauma, the wet-to-dry weight ratio was unchanged in LZ rats but was significantly increased in OZ rats. There was no increase in the wet-to-dry ratio in ICI-treated OZ rats.
Lung neutrophil infiltration and MPO activity. Basal neutrophil numbers and MPO activities were similar between control LZ and OZ rats (Fig. 4, C and D) . One day after trauma, neutrophil numbers and MPO activities were increased in all animal groups. OZ rats exhibited larger increases in neutrophil accumulation and MPO activity compared with LZ rats. ICI treatment significantly decreased lung neutrophil numbers in OZ rats but had no effect in LZ rats. MPO activity was normalized by ICI treatment in LZ and OZ rats.
DISCUSSION
The major findings of the present study were 1) trauma induced a rapid increase in plasma glucose levels due to ␤ 2 -adrenoreceptor-mediated hepatic glycogenolysis; 2) compared with LZ rats, OZ rats exhibited increased and prolonged early posttrauma hyperglycemia, but there was no difference in hepatic glycogenolysis or the response to cortisol; 3) 6 h after trauma, glucose levels were still above baseline in OZ rats, but insulin levels were not significantly increased; and 4) ICI treatment decreased early posttrauma hyperglycemia and prevented the later development of ALI in OZ rats.
Activation of Hepatic ␤ 2 -Adrenoreceptors Is Important for Early Posttrauma Hyperglycemia
Stress-induced hyperglycemia is thought to occur due to synergistic regulation by the hypothalamic-pituitary axis, inflammatory cytokines, and noradrenergic system (13) . Traumatic stress can rapidly increase sympathetic nerve activity (SNA) and/or circulating catecholamines, as evidenced by the tachycardia and ␤ 2 -adrenoreceptor-mediated increase in glucose immediately after trauma in the present study. Activation of ␤ 2 -adrenoreceptors in the liver, directly, or in the pancreas, indirectly through glucagon release, can rapidly increase plasma glucose levels via hepatic glycogenolysis. We found that ICI treatment decreased hepatic glycogenolysis and posttrauma glucose, suggesting that hepatic glycogenolysis due to ␤ 2 -adrenoreceptor activation plays an important role in mediating the early posttrauma hyperglycemia. In addition, ICI did not significantly affect blood pressure or heart rate, suggesting that the early activation of ␤ 2 -adrenoreceptors after trauma did not occur in peripheral vessels, and thus the posttrauma glucose response was unlikely to be due to hemodynamic changes.
Impaired Glucose Uptake Is Involved in the Increased Early Posttrauma Hyperglycemia in OZ Rats
Liver glycogen levels were similar between LZ and OZ rats before and 6 h after trauma. Thus, the greater increase in 3 . A: cortisol levels before and 1 h after trauma in LZ and OZ rats. n ϭ 6 for each group. *P Ͻ 0.05, trauma vs. basal. B: plasma insulin levels in 6 h after trauma in LZ and OZ rats. n ϭ 6 for each group. *P Ͻ 0.01, LZ vs. OZ rats. C: glucagon levels 6 h after trauma in LZ and OZ rats. n ϭ 6 for each group. *P Ͻ 0.05 vs. LZ or OZ rats with 6 h after trauma. posttrauma glucose in OZ rats does not appear to be due to an increased glycogenolytic rate. Cortisol can be rapidly released in response to a traumatic stress and participates in glucose homeostasis by increasing gluconeogenesis and inhibiting peripheral utilization of glucose. As a steroid hormone, cortisol cannot explain the rapid increase in glucose after trauma in LZ and OZ rats but might contribute to the relatively late (Ͼ1 h) increase in glucose. We compared cortisol levels between LZ and OZ rats before and 1 h after trauma because the difference in glucose levels between ICI-treated LZ and OZ rats appears to be most significant from 1 to 2 h after trauma. However, we found that cortisol levels were similarly increased in LZ and OZ rats, suggesting a minor role of cortisol in contributing to the exacerbated hyperglycemia in OZ rats. Basal glucagon levels have been shown to be strongly correlated with body mass index (2). This is supported by our present study, which showed that OZ rats exhibited significantly higher basal levels of glucagon compared with LZ rats. Additionally, human and animal studies have demonstrated that obesity is associated with "glucagon resistance" and decreased glucagon receptors (6, 11, 36) , which may explain why OZ rats exhibited higher basal glucagon levels but similar liver glycogen content compared with LZ rats. Six hours after trauma, glucagon levels were unchanged in LZ rats and were decreased in OZ rats. The peak increases in plasma glucagon may have been missed due to its short half-life (ϳ5 min). The decreased levels of glucagon 6 h after trauma in OZ rats were accompanied by hyperglycemia (Ͼ150 mg/dl; Fig. 1 ), suggesting that glucagon could be suppressed by the high glucose levels and did not play a role in exaggerating the hyperglycemia or hepatic glycogenolysis in OZ rats.
Six hours after trauma, insulin levels were not elevated above baseline levels despite the elevated glucose, suggesting a suppression of insulin release (Fig. 3B) . A possible explanation for the absence of increased insulin levels is that trauma may also activate pancreatic ␣ 2 -adrenoreceptors, which can inhibit insulin synthesis and secretion (17) . For example, during exercise, insulin release can be suppressed due to increased SNA and ␤-cell ␣-adrenergic receptor activation (34) . The inhibition in insulin secretion after trauma may also occur in LZ rats, but the impact appears to be minimal as glucose returned to baseline within 4 h after trauma in these animals. Therefore, the increased posttrauma hyperglycemia in OZ rats could be due, at least in part, to the combined effects of insulin resistance and suppressed insulin release. In addition, severe trauma may also decrease insulin sensitivity (26, 33, 50) , so the glucose homeostasis in response to traumatic stress is complicated and warrants future studies to clearly elucidate these mechanisms.
Significance and Clinical Relevance
Clinical studies have shown that increased complications after trauma have a stronger correlation with plasma glucose levels than with body mass index or dyslipidemia (38, 41, 45) . In addition, early posttrauma hyperglycemia has been found to be a more reliable predictor of poor outcomes and mortality compared with later increases in plasma glucose (7, 16) . Hyperglycemia has been shown to increase ROS and affect neutrophil responses, including neutrophil retention (27) and exacerbated free radical release (28) , which are important processes in innate immune responses (22, 49) and ALI. Indeed, our previous study (48) showed that early antioxidant treatment after severe trauma targeting the enzyme responsible for the neutrophil respiratory burst decreases systemic inflammation and prevents the development of ALI in OZ rats. The underlying mechanisms whereby early posttrauma hyperglycemia increases later adverse outcomes are unclear and beyond the scope of the present study.
We found increased ALI in OZ rats 1 day after trauma, as indicated by neutrophil retention, elevated lung MPO activity, increased capillary permeability (48) , and lung edema. Inhibition of the increased early hyperglycemia by ICI treatment prevented the development of ALI in OZ rats. These results may provide novel insights into the mechanisms responsible for exacerbated morbidity and mortality and the treatment for the exaggerated early posttrauma hyperglycemia in obese patients. We did not use exogenous insulin to decrease early posttrauma hyperglycemia in OZ rats or to clamp posttrauma glucose at higher levels in LZ rats to confirm the impacts of early hyperglycemia. This is because the innate immune responses after trauma may be differentially affected by preexisting pathophysiological factors in obesity and diabetes (4, 25, 32, 41) . Moreover, in addition to the risk of hypoglycemia, insulin treatment has been shown to elicit significant anti-inflammatory effects, which may confound the interpretation of the results (1, 14, 15, 24) . Indeed, a number of studies have shown that diabetic patients with regular insulin treatment appear to be protected against sepsis-induced lung injury (18, 23) .
Conclusions
OZ rats exhibited increased early posttrauma hyperglycemia compared with LZ rats, which was associated with exacerbated inflammation and the development of ALI. Treatment with a ␤ 2 -adrenoreceptor antagonist effectively reduced the early posttrauma hyperglycemia and prevented ALI in OZ rats. This study uncovers important differences in glucose homeostasis in the context of obesity after trauma and provides novel insights into the possible use of ␤ 2 -adrenoreceptor antagonists as a treatment for the exaggerated early posttrauma hyperglycemia seen in the obese population.
